Abstract Remote monitoring of implantable defibrillators (ICDs) is designed to minimise regular follow-up visits and to facilitate early detection of adverse events. With the increased rate of ICD implantations in today's clinical setting and multiple device advisories, which pose management challenges, this approach becomes very attractive. The aim of this article is to present the role of remote monitoring in the detection of system-related complications, its potential benefits and its barriers in the outpatient management of ICD patients.
Introduction
Randomised clinical trials have demonstrated that primary prevention with implantable cardioverter-defibrillators (ICDs) and cardiac resynchronisation therapy defibrillators (CRTDs) improve survival in patients with heart failure due to ischaemic or nonischaemic cardiomyopathy [1] [2] [3] [4] . The implantation rate of ICDs and CRTDs has increased exponentially in response to these trials. Assessment of post-implant system performance and the patient condition is a recognised responsibility for the physician [5] . Expert consensus advocates scheduled in-clinic checks at 3-to 6-monthly intervals with increased frequency in response to product advisories [5] . The major limitation of conventional follow-up is the lack of information on system performance and the clinical status of the patient between hospital visits. Remote monitoring of devices offers a possibility for continuous surveillance and rapid event identification notification [6, 7] . The aim of this article is to present the role of remote patient monitoring in ICD follow-up, its potential benefits and its barriers in the management of system-related complications.
Monitoring of system integrity
The integrity of the implanted system is essential for appropriate device therapy. Unfortunately, a significant proportion of ICD recipients experience system-related complications. The majority of these complications are lead-related, which may occur at any time during follow-up. The annual failure rate of defibrillation leads will increase progressively over time after implantation and will reach 20% in 10-year-old leads [8] . Causes of ICD lead failure are an insulation defect or conductor disruption, which can both affect the highvoltage or the pace-sense circuit of the system. Potential complications of ICD lead failure include undersensing of ventricular arrhythmias, oversensing of noise, inappropriate therapy, and in the worst case lethal proarrhythmia. Early detection of these complications is desirable to ensure the patient's safety.
Conventional devices have an extensive self-monitoring ability and data are recorded in the device's memory. When asymptomatic events occur, this diagnostic information is only manifest at scheduled follow-up visits. This is a potential problem with regard to system-related complications, which can be silent and may leave the patient unprotected from lifethreatening tachyarrhythmias. Patient-alert features have been implemented in ICDs for detection of system-related complications, for example acoustic alerts. Swerdlow et al. [9] demonstrated that the Medtronic lead integrity alert algorithm triggered an acoustic alert of impending inappropriate shocks at least 3 days in advance in 76% of patients with lead failure. However, although these acoustic alerts are a useful tool facilitating early detection of system-related complications, they are insensitive and prone to falsepositive evaluations [10, 11] . Prevailing delayed leadrelated complications such as lead fracture and insulation defect are directly related to the lead impedance. As the lead impedance is part of the pre-defined alerts in remote monitoring, this technique has the potential for early detection of lead-related complications (Fig. 1) . In Table 1 , common alert options regarding system integrity are presented. The device-related alerts are non-programmable, while the lead-related alerts are programmable with respect to lower and upper limits for normal impedance characteristics of the implanted leads.
Remote monitoring of system integrity
Several observational studies and randomised clinical trials have shown the beneficial effect of remote monitoring on outpatient management of ICD patients [12] [13] [14] [15] [16] [17] [18] [19] . Data regarding system-related complications and remote monitoring are presented in Table 2 . The Lumos-T Safely RedUceS RouTine Office Device Follow-Up (TRUST) Trial demonstrated that remote monitoring is safe and allows early detection of events compared with conventional follow-up [20] . In this trial, system-related complications were infrequent and often asymptomatic; 62 system-related events (53 remote vs. 9 conventional) in 46 patients (40 remote vs. 6 conventional) were observed. Post-hoc analysis of these system-related complications revealed that remote monitoring permitted prompt detection (remote vs. conventional: median 1 vs. 5 days) and facilitated management decisions [18] . Twenty system-related complications required surgical intervention (remote vs. conventional, 15 vs. 5). In a retrospective cohort analysis of patients with an ICD lead failure, remote monitoring resulted in a significant reduction of inappropriate shocks and symptomatic pacing inhibition compared with those without remote monitoring (27% vs. 53%, P00.04) [21] .
The diagnosis of lead-related complications may be challenging and cannot be solely based on impedance changes [11] . In case of lead fractures, alerts triggered by out-of-range impedances are one step beyond as the fracture has already occurred. For early detection of lead failure, continuous monitoring of sensing values and especially the detection of episodes caused by electrical oversensing would be more helpful. Spencker et al. [21] found that up to 90% of the patients with lead failure presented with 
Remote monitoring and device advisories
Concerns about the reliability of implanted systems rose after recent device and lead advisories from all major manufacturers. These advisories have put remote monitoring in a new perspective. Immediate solutions such as systematic ICD generator replacement are associated with a substantial rate of complications, including death [22] . To prevent serious health consequences associated with system-related complications, regulatory institutions and scientific societies drew guidelines to manage patients with advisory systems. A continuous surveillance of defibrillation systems at risk is the most attractive alternative, which provides an immediate detection of device or lead failure. In addition, continuous monitoring of specific device parameters may avoid unnecessary replacements. From this viewpoint, the Heart Rhythm Society recommended that cardiac rhythm management device manufacturers develop and use remote monitoring technologies for early detection of abnormal device behaviour and to reduce underreporting of device malfunction [23, 24] . The Effectiveness and Cost of ICDs Follow-up Schedule with Telecardiology (ECOST) Trial demonstrated the value of remote monitoring for follow-up of ICD leads under advisory [17] . A total of 40 recipients of a highvoltage lead, prone to fracture, were remotely followed. Of these, four lead dysfunctions were discovered due to remote transmission of noise artefacts, abrupt rise in impedance, or both. In a recent report of ICDs under advisory, lower than expected failure rates were observed in explanted advisory devices; 0% and 0.34% for observed versus 0.72% and 1.83% for expected [25] . The finding of this report emphasises the need for continuous monitoring of implanted defibrillation systems to avoid unnecessary replacements.
Taken together, remote monitoring may change management decisions because malfunction of devices or leads may confer different risks in different patient groups. For example, elective replacement of a lead under advisory may be unnecessary in patients who are not pacemaker-dependent or who have a primary prevention indication. Remote management of systems under advisory has the potential to reduce morbidity/ mortality and associated hospital admissions with implications for cost reduction.
Conclusion
Remote monitoring is feasible, may facilitate ICD followup, and lead to early detection of system-related complications. Continuous monitoring of specific device parameters may avoid unnecessary replacements of devices or leads. However, as with every new technology, there are areas of uncertainty. Remote monitoring is associated with a redesigned organisation of the care system, including physicians, allied professionals, and a dedicated remote monitoring service. Another area of uncertainty is related to the question of liability. The now "virtual patient" poses a paradigm shift. Physicians have the responsibility for responding to the new sources of data. How fast must a physician react to the transmitted alerts? Do we need 24 h, 7 days a week coverage or is it legally acceptable not to check event notifications outside the office hours? The development of practice guidelines on the appropriate role of remote monitoring of patients with implanted cardiac devices would help to address many of these issues. 
